We investigated the mechanisms leading to rapid death of corals when exposed to runoff and resuspended sediments, postulating that the killing was microbially mediated. Microsensor measurements were conducted in mesocosm experiments and in naturally accumulated sediment on corals. In organic-rich, but not in organicpoor sediment, pH and oxygen started to decrease as soon as the sediment accumulated on the coral. Organic-rich sediments caused tissue degradation within 1 d, whereas organic-poor sediments had no effect after 6 d. In the harmful organic-rich sediment, hydrogen sulfide concentrations were low initially but increased progressively because of the degradation of coral mucus and dead tissue. Dark incubations of corals showed that separate exposures to darkness, anoxia, and low pH did not cause mortality within 4 d. However, the combination of anoxia and low pH led to colony death within 24 h. When hydrogen sulfide was added after 12 h of anoxia and low pH, colonies died after an additional 3 h. We suggest that sedimentation kills corals through microbial processes triggered by the organic matter in the sediments, namely respiration and presumably fermentation and desulfurylation of products from tissue degradation. First, increased microbial respiration results in reduced O 2 and pH, initiating tissue degradation. Subsequently, the hydrogen sulfide formed by bacterial decomposition of coral tissue and mucus diffuses to the neighboring tissues, accelerating the spread of colony mortality. Our data suggest that the organic enrichment of coastal sediments is a key process in the degradation of coral reefs exposed to terrestrial runoff. microbial activity | acidification | fertilizer input | urbanization | coastal management W orldwide, coastal coral reefs are threatened by eutrophication and sedimentation from terrestrial runoff (1, 2) . Sedimentation events after terrestrial runoff or wave resuspension expose corals to fine nutrient-rich sediment that, when settled on reef-building corals, can bleach or kill exposed tissues (3) . The extent of photophysiological stress in corals correlates with the amount of sedimentation multiplied by exposure time (4) . Few coral communities are adapted to muddy sediment (5) , and the negative impacts on the coral holobiont (the animal and its algal symbionts) of enhanced sedimentation on corals are widely documented (reviewed in refs. 6 and 7). However, earlier studies either did not characterize the sediments or regarded them mainly as mineral particles (8) (9) (10) , and the microbial and chemical components have not been analyzed. Therefore the mechanisms leading to coral mortality after sediment exposure still are poorly understood.
Sediments carry adsorbed or particulate nutrients and contaminants (11) and contain varying proportions of organic particles such as fecal pellets, detritus, and exopolymeric substances (12) . Sediments mostly form aggregates harboring phytoplankton (13) and highly active microbial communities (14, 15) . Earlier studies contrasting the effects of sedimentation with varying sediment properties showed that estuarine silt enriched with marine snow smothered and killed coral juveniles and reef organisms within hours to days, whereas silt without enrichment was rejected by the organisms (16, 17) . Another study showed the important role of sediment grain size and biogeochemical properties. Fine sediments rich in organic matter led to coral death within 1 or 2 d, whereas coarse sediments and fine sediments poor in organic matter did not damage the corals (3). Kline et al. (18) showed that increased concentrations of dissolved organic carbon in the experiment tank water led to increased growth rates of the microbes in the coral's surface mucus layer, leading to coral mortality. In 1990 Hodgson (19) postulated that sediment is not harmful per se but becomes harmful when microbes are present in the sediment, because the presence of tetracycline reduced coral mortality caused by sedimentation. These findings suggest that enhanced microbial growth favored by elevated organic matter content could be fatal for corals covered with organic-rich sediment.
The motivation for this study was to understand better the mechanisms underlying sediment-induced coral mortality. Some studies suggested that coral damage might be caused by the absence of light under the sediment, leading to the inhibition of the photosynthesis of the zooxanthellae and eventually to anoxia (4, 8) , finally breaking down the living holobiont by expulsion or loss of its algal partner. Others suggested that hydrogen sulfide (H 2 S), known for its toxicity to many life forms (20) , is the main causative agent for coral damage (3). Sulfate reduction is the prevailing microbial process in anoxic sediments (21) and leads to the formation of H 2 S. Previous work concluded that sulfate reduction enhanced by eutrophication in sediments might kill corals in their vicinity (22, 23) . In studies on the coral black band disease it was proposed that the microbial community causing the disease contributes to tissue lysis by the production of H 2 S (24, 25) .
The goal of this study was to demonstrate the mechanism of rapid coral mortality induced by exposure to organic-rich sedimentation, postulating that the process is mediated by microbial activity in the sediment. We tested the hypothesis that sulfide formed by sedimentary sulfate reduction kills the sediment-covered coral. The study is based on three controlled laboratory experiments and on experiments conducted with naturally accumulated sediment layers on corals on inshore and offshore coral reefs. In the laboratory experiments, we chose natural plankton, which was added to the sediments at environmentally relevant concentrations, as our source of organic carbon. We used microsensors, radioisotopes, molecular tools, and modeling. The effects of putative damaging factors, namely darkness, anoxia, lowered pH, and H 2 S, were tested separately and in combination. From these experiments we deduced the possible succession of processes that is responsible for coral death caused by sedimentation.
Results
First, the results of the measurements and observations in the sediment layer and of the corals are presented in a summary to illustrate the iterative approach and the rationale of the experiments. We then describe each experiment in detail (Figs. 1-7 and Tables 1-4) .
After 1 d of exposure to a layer of sediment with a thickness of 2-2.5 mm and an enrichment of +0.6% organic carbon (C org ), the first spots of degraded coral tissue were detected (Figs. 1 and  2A ). At this point in time we measured anoxia, pH 7.1, and a concentration of 1-2 μM of H 2 S at the coral-sediment interface (Fig. 3) . To differentiate the possible sources of total sulfide (S tot ), we compared the S tot concentrations calculated from the sulfate reduction rates (SRRs) in the sediment with the data from the microsensor measurements (Table 1 ). The calculated concentration of S tot at the coral surface produced by sulfate reduction after 1 d (0.22 μM S tot ) was one order of magnitude lower than the real concentrations measured with the microsensors (2.2 μM S tot ) (Fig. 4B ). This comparison revealed that 90% of the measured H 2 S was the product of another process, presumably desulfurylation of dead coral tissue (Table 1) . That finding would mean that the coral was degraded before sulfate reduction within the sediment led to lethal H 2 S concentrations and that the initial coral degradation must have been caused by factors other than H 2 S. The chronology of H 2 S development also shows that the onset of massive sulfide production occurred after the death of the coral: In experiment 1 we measured an increase in H 2 S from 1-2 μM (anoxia, pH 7.1) after 24 h to 50 μM H 2 S (anoxia, pH 7.4) after 48 h, to 107.5 μM H 2 S (anoxia, pH 6.9) after 72 h, and to 122.1 μM H 2 S (anoxia, pH 6.9) after 96 h (Fig. 3) at the sediment-coral interface. Profiles through the entire sediment layer are displayed in SI Appendix, Fig. S1 .
To find out whether H 2 S is needed to kill the corals within 1 d, we exposed corals without using sediment to the conditions we had measured with the microsensors in the sediment layer. In the exposure experiment corals kept under anoxia and pH 7 were dead within 1 d without the addition of H 2 S. We also tested the cumulative effect of anoxia, pH, and sulfide on the corals (experiment 3). First the corals were kept under anoxia and pH 7 for 12 h, at which point the corals were still alive; then we added 20 μM H 2 S and left the coral in the tank for another 3 h. The coral did not survive this combined treatment after a total of 15 h (Tables 2-4); in this case H 2 S in combination with anoxia and lowered pH accelerated the processes leading to coral death, but H 2 S was not a prime cause of death.
Experiment 1: Sediment Exposure in Mesocosms. The photosynthetic yield (i.e., the quantum yield of photochemical energy conversion) of control corals remained similar from the beginning to the end of experiment 1 (0.656 ± 0.052 vs. 0.652 ± 0.049). The control corals therefore did not show photophysiological stress. Photosynthetic yields in corals exposed to sediments with +0 and +0.06% C org also did not change during the experiment (Fig. 2B) . In contrast, corals exposed to sediment with +0.3 and +0.6% C org showed a continuous decrease in photosynthetic yields, and coral tissue degradation occurred. Tissue degradation of a few square millimeters was observed first after 1 d in the +0.6% C org treatment ( Figs. 1 and 2A ). The decline in photosynthetic quantum yields and increasing tissue degradation correlated with the amount of C org enrichment and exposure time (Fig. 2) . Results of generalized linear models, with estimates indicating the differences between treatments, are shown in SI Appendix, Table S1 .
All sediment covers strongly attenuated light: Light decreased exponentially, reaching 43, 9, and <1% of the surface level at sediment depths of 0.5, 1, and 1.5 mm, respectively. The decrease of O 2 concentrations and pH in the sediment layer covering the coral correlated significantly with increasing C org concentration ( Fig. 3 and SI Appendix, Fig. S1 and Table S1 ). Sediments with concentrations of +0 and +0.06% C org were suboxic but never anoxic, and the pH at the coral surface remained around 8.0-8.1 (Fig. 3) . Exposure to sediments enriched with +0.3 and +0.6% C org caused anoxia at the coral surface after only 3 h. The pH on the coral surface covered with +0.3 and +0.6% C org sediments decreased to 6.6 ± 0.15 and 6.9 ± 0.3, respectively ( Fig. 3 and SI Appendix, Table S1 ). The increase of H 2 S concentrations correlated with increasing exposure time together with C org concentration at the coral surface ( Fig. 3 and SI Appendix, Fig. S1 . In the field, light, O 2 , and pH profiles also were measured on corals naturally covered with sediment. The thickness of the sediment layer covering corals in the field varied between 2 and 2.5 mm. Light intensity had decreased to <1% of ambient light in all samples at a sediment depth of 1.5 mm (Fig. 6) . No detectable light (<0.1 μmol photons · m −2 · s −1 ) reached the coral surface. At the offshore sites O 2 concentrations were reduced, but none of the O 2 profiles showed anoxia (minimum: 10 μM O 2 ) at the coral surface under the sediment layer (Fig. 6 ). At the nearshore sites O 2 was depleted completely under the sediment layer in three of four corals, and the corals experienced anoxic conditions. In the anoxic sediment the pH was reduced to 7.6-7.7 ± 0.02 at the coral surface (Fig. 6 ). ANOVAs revealed that differences in the concentrations of total phosphorous (TP) and trace elements in the sediment layer deposited on coral colonies at inshore reefs were significantly higher than in sediment on corals at the offshore reefs. However, the content of chlorophyll a (Chl a), phaeophytin (Phaeo), total nitrogen (TN), total organic carbon (TOC), and the grain size distribution were not significantly different (SI Appendix, Table S3 ).
In the mesocosm experiment 1, TOC, TN, TP, Chl a, and Phaeo increased over time in the +0.3-and +0.6% C org -enriched sediment covering the corals but did not increase in the Petri dishes (SI Appendix, Fig. S2 ). Results of generalized linear models are given in SI Appendix, Table S4 . The increases probably were caused by the death of the corals and subsequent release of these compounds from the decaying coral tissue under the sediment layer. Sediments with lower C org (in which corals survived) and control sediments did not show changes in TOC, TN, and TP, but Chl a and Phaeo increased, likely because of microphytobenthos growth (SI Appendix, Fig. S2 ).
The structure of the bacterial community within the sediments of the mesocosm experiment 1 was investigated using denaturing gradient gel electrophoresis (DGGE) and 16S rRNA cloning. The DGGE banding patterns were similar in the control sediment and the sediments on the corals, suggesting that the structure of the microbial community of the sediment was independent of the presence of the underlying corals or coral mucus (Fig. 7) . The dominant bacterial groups detected by DGGE analysis were Bacteroidetes, α-and γ-Proteobacteria, and Fusobacteria (Fig. 7) . The comparative 16S rRNA sequence analysis showed that most sequences were related to the bacterial groups Bacteroidetes, α-, δ-, ε-, and γ-Proteobacteria, Firmicutes, and Fusobacteria (Fig. 7) . Changes in the community diversity after 3 h and after 2, 4, and 6 d of exposure occurred in enriched and nonenriched sediments. The banding pattern of the +0% C org sample is not very visible in the figure because the bands were very thin and weak; however, it followed the same pattern as the other treatments. The diversity was lowest in the sediment with the highest enrichment (+0.6% C org ) exposed for 3 h on the coral ( Fig. 7 ; clone library C). This result suggests that the bacterial community reacts quickly to the enrichment of organic matter in the sediment, and a few bacterial groups become dominant. At the end of experiment 1 the microbial community of the enriched sediments returned to a diversity Table S5 ). However, clone libraries should be compared cautiously, because there was only one library per treatment. Measurements were conducted as described in the experiments 1 and 2. In the model scenario A, S tot was produced exclusively by sulfate reduction in the sediment covering the coral. The areal rate of this process (SRR a ) was calculated by multiplying the measured volumetric SRR (Fig. 5 ) with the thickness of the sediment layer covering the coral. In the model scenario B, coral tissue decomposition contributed to S tot . The total sulfide flux due to coral tissue decomposition, J d , was adjusted in the model to match the measured and calculated profiles. Table S1 .
Details on the 16S rRNA clone libraries are given in SI Appendix, Table S5 .
Experiment 2: SRRs. The SRR in sediments not enriched with C org remained low (<1 nmol·cm
) even after the sediment had covered the corals for 2 d (Fig. 5 ). In contrast, the SRR of 0.6% C org -enriched sediment increased over 2 d to 69.37 ± 11.73 nmol·cm
. During the first 24 h the rate in the sediment on the corals was low (15.37 ± 2.26 nmol·cm
) compared with the rate in the control sediment in the Petri dishes (62.14 ± 0.32 nmol·cm
). The S tot profiles, derived from the measured H 2 S and pH profiles, were almost linear within the sediment layer covering the coral (SI Appendix, Fig. S1 ). This result implies that the S tot production by sulfate reduction in the sediment was negligible and that almost all sulfide originated from the coral surface, supposedly as a product of coral tissue decay by desulfurylation. This conclusion was supported by the model, which showed that the shape of the measured profiles could not be explained by assuming sulfate reduction in the sediment as the only source of sulfide. The S tot concentrations on the top and at the bottom of the sediment layer, as well as the S tot flux at the sediment surface, calculated from the measured SRRs (Fig. 5 ) using Eq. 3 and the total sulfide flux due to coral tissue decomposition J d = 0 (SI Appendix, Table  S6 ), were at least one order of magnitude lower than those measured with microsensors ( Fig. 4 ·s −1 after 48 h, 5-and 191-fold larger, respectively, than the depth-integrated SRR in the sediment covering the coral (Table 1 , model scenario B). Thus the sulfate reduction in the sediment layer could not explain the measured H 2 S concentrations and observed S tot flux, and the H 2 S must originate largely from below, e.g., from coral tissue decay by desulfurylation.
Experiment 3: Exposure to Anoxia, Reduced pH, and H 2 S. The corals exposed in the dark to oxygenated water at pH 8.2 or 7.0 maintained high photosynthetic yields, as measured by pulseamplitude modulated chlorophyll fluorometery (PAM) ( Tables  2-4 ). The corals also survived for 4 d with similar photosynthetic yields under anoxic conditions at pH 8.2. However, simultaneous exposure to anoxia and reduced pH resulted in low photosynthetic yields after 24 h of exposure, and recovery was not successful. The photosynthetic yields decreased with time when corals were exposed to anoxia plus pH 7.0 or to anoxia plus pH 7.0 plus 10 μM H 2 S. Recovery also failed when the corals were exposed to 10 and 20 μM H 2 S at pH 7.0 and anoxia for 24 h. It is important to note that under these conditions the corals did not die when exposed to H 2 S for 6 or 12 h (<24 h). In contrast, coral death occurred within 15 h when they first were exposed to anoxia at pH 7.0 for 12 h and then also were exposed to 20 μM sulfide for 3 h. This result suggests that the combination of anoxia and low pH kills corals, and H 2 S further accelerates the dieoff (Tables 2-4) . Results of a generalized linear model are shown in SI Appendix, Table S7 .
Discussion
River loads of nutrients from fertilizers, sewage, and eroding soils have increased globally since preindustrial times, affecting about 25% of coral reefs around the world (1). Anthropogenic fluxes of nitrogen and phosphorus from rivers into inshore coastal waters are considered to be two to three times higher now than before the industrial and agricultural revolutions (2) . For the Great Barrier Reef, river exports of suspended sediments, TN, and TP have increased six-to ninefold since colonization (26) , with much of the discharged material being retained on the wide and shallow continental shelf. The increased nutrient discharges lead to the organic enrichment of inshore sediments and a wide range of profound changes in the ecology of inshore coral reefs (7) .
This study presents evidence that the mortality of corals exposed to sediments with increased concentrations of organic matter is microbially mediated, although by a different mechanism than expected. We provide evidence that the organic matter in the sediment leads to microbially induced anoxia and reduced pH, which causes coral death within 15-48 h, depending on the concentration of organic matter in the sediments. We observed that H 2 S originating from sulfate reduction was not needed to kill the corals that were covered with sediment enriched with organic matter.
Sediments that are enriched in organic matter commonly settle and cover reef organisms after flood plumes and resuspension events, especially in areas exposed to coastal development (27, 28) . Such sediments largely consist of labile high-and low-molecularweight organic compounds (29) , similar to the fresh plankton mixture we added. Fresh plankton, also including microbes, is known to release dissolved organic compounds that are extremely bioreactive (30) and immediately enhance microbial activity (31) . Hydrolyzing, fermenting, and respiring bacteria, such as Gammaproteobacteria, Bacteroidetes, and Fusobacteria, respond quickly Table S1 .
to the input of organics and also decompose polymers under anoxic conditions (32) . The high respiration rates in these sediments and the probable resulting fermentation of coral excretions lead to anoxia and low pH, the combination of conditions that leads to coral death. The C org concentrations of the sediments used in this study [increasing natural untreated sediments from 1.25% dry weight (DW) C org by +0.06, +0.3, and +0.6% C org and using natural plankton as source of C org ] were conservative and environmentally relevant. For example, the difference in C org concentrations in inshore and offshore silt sediments can be over twofold (1.8 vs. 0.8%) (3). New nutrients from terrestrial runoff are incorporated rapidly into microbial and plankton food webs, leading to increased production and biomass (33) . Through the formation of marine snow, aggregates of plankton and muddy sediments with high C org settle on the seafloor and on benthic organisms (17) . Hence, it is important for coastal management to understand that it is not sedimentation per se but rather the enrichment of coastal areas with organic matter that can be strongly detrimental for coral survival on inshore coral reefs. Our data show that even relatively small increases (0.3 and 0.6%) in the concentrations of organic matter can lead to rapid onset of photophysiological stress [conventionally measured as quantum yield of the photosystem II of the corals' zooxanthellae (34)] and to reduced survival of corals exposed to sedimentation. The microbial mechanisms with causal links to biogeochemical processes turned out to be more complex than anticipated. Our hypothesis that H 2 S originating from sedimentary sulfate reduction was the cause for the mortality of sediment-covered coral surfaces was not correct. H 2 S was not needed for initiating coral death, because low pH alone kills corals during anoxia. The cause of coral death was confirmed in experiment 3, which showed that corals died in anoxic seawater at pH 7.0 (without H 2 S) within 24 h. H 2 S was not tested separately (e.g., at anoxia, pH 8.2) because (i) these conditions never were measured by microsensors during experiment 1, and (ii) the dissociation of the sulfur species is pH dependent, so that we would have tested A B Photophysiological stress of the coral was measured at the indicated exposure time (h) and after 48 h of recovery. Bold numbers indicate the yield at the exposure time after which the coral did not survive the treatment. SDs are based on n = 3-5. For the statistical analysis, see SI Appendix, Table S7 .
mainly the exposure to hydrogen sulfide ions (HS − ) instead of to H 2 S (see also the explanation below). However, testing the exposure of H 2 S at pH 8.2 cannot be considered crucial for this study, because small, discrete spots of coral tissue (a few square millimeters in size; see Figs. 1 and 2) had died before H 2 S was measured. More evidence was revealed in experiment 2, which showed that the SRRs in the sediment layer on the coral were too low to generate the measured H 2 S concentrations-and were too low to kill the coral. Therefore H 2 S could be excluded as the initial trigger for tissue death. However, H 2 S played an important role in accelerating the spread of tissue mortality after small areas of coral tissue had died, as seen in the steep increase of H 2 S concentration measured by microsensors. Most of the observed H 2 S therefore originated from microbially degraded coral tissue and coral mucus, both known to contain substantial amounts of organic sulfur compounds (35, 36) . We postulate that the rapid degradation of the mucus and tissue increased the local H 2 S concentrations at the coral surface (Fig. 3) . The concentration of H 2 S in the sediment layer on the coral increased as the result of continuously decreasing pH, because the S tot equilibrium, consisting of H 2 S, HS − , and sulfide (S 2− ), depends on the pH (37). H 2 S is known to penetrate tissues easily (38) and thus is more poisonous than HS − or S 2−
. Therefore H 2 S was a further stress factor for the cells of the holobiont surrounding the degraded areas and was assumed to speed up the spread of tissue degradation substantially. In experiment 3, the negative effect on the coral was enhanced when the coral first was exposed to anoxia at pH 7.0 for 12 h and then also to H 2 S for 3 h. Thus, the tolerance of the coral holobiont against H 2 S might have been lowered by previous anoxia and low pH exposure. Other products from proteolytic processes, such as biogenic amines, phenolic compounds, or ammonia, might have contributed further to the stress during sediment coverage and accelerated mortality.
Degradation of the plankton mixture in the sediment led to an accumulation of acidic end products and decreased the pH in the sediment. Neither anoxia nor pH below 8.1 was detected in the sediment not enriched with the plankton mixture. The mucus of the coral alone apparently was insufficient to induce the degradation processes observed in the enriched sediments. Coral mucus might have biocidal properties, and the SRR of sediment covering live coral was only 25% of that of identical sediment that was not in contact with corals. Thus, corals may suppress sulfate reduction, as also shown by Werner et al. (39) . Surprisingly, O 2 depletion at the coral's surface did not lead to coral damage within 4 d. Also, light exclusion by sediments that were low in organic matter did not affect the photosynthetic yields of the corals' zooxanthellae substantially within 6 d. Thus, anoxia and light exclusion did not have a negative impact on the holobiont. Corals regularly experience hypoxia at night (40) and survive anoxia for several days (41), possibly using fermentation, as shown for other cnidarians (42, 43) . However, fermentation can lead to pronounced intracellular acidification (44), eventu- Photophysiological stress of the coral was measured at the indicated exposure time (h) and after 48 h of recovery. Bold numbers indicate the yield at the exposure time after which the coral did not survive the treatment. SDs are based on n = 3-5. For the statistical analysis, see SI Appendix, Table S7 . Photophysiological stress of the coral was measured at the indicated exposure time (h) and after 48 h of recovery. Bold numbers indicate the yield at the exposure time after which the coral did not survive the treatment. SDs are based on n = 3-5. For the statistical analysis, see SI Appendix, Table S7 .
ally causing severe cell damage (45, 46) to the animal and its symbionts. It also is possible that the energy costs of maintaining cell pH over longer periods exceed the energy yield from fermentation alone, and the pH-regulation mechanism of one or both organisms of the holobiont eventually breaks down. We suggest that this breakdown is the most likely explanation of the strong effect of lowered pH during anoxia. However, the sediment also may hinder diffusional exchange of anaerobic metabolic products such as succinate, fumarate, and lactate. These products might be more harmful at pH 7.0 than at pH 8.2, because protonated compounds enter cells easier than ions.
The rapid degradation of coral tissue under the sediment might be an infection process. Bacteria normally associated with corals might flourish because of the exposure to organic matter, leading to infections, as shown by Kline et al. (18) . However, experiment 3, in which neither sediment nor organic matter was used, revealed that exposing corals to anoxia and pH 7 was sufficient to induce irreversible damage. Still, it might be argued that these conditions favor pathogenic bacteria or trigger bacteria normally associated with corals to become virulent. This argument is weakened by our molecular analysis of the sediments on the coral and in Petri dishes, which revealed similar communities based on the DGGE band pattern. Additionally the curved O 2 and pH microsensor profiles showed increased microbial activities in the organic-rich sediment layers and not at the tissue surface. Taken together, these results suggest that the bacteria associated with the organically enriched sediments flourished, but the coralassociated bacteria did not. Furthermore, we observed that the sediments covering the corals became colonized by white, sulfuroxidizing bacteria (Fig. 1) (3) . Such bacterial communities typically are associated with coral diseases (47) and are a sign of the presence of sulfide. Obviously, these opportunistic bacteria might reduce the sulfide levels. Most likely, sulfide oxidation does not play a role in our scenario for the coral demise, although the acidification associated with this process may be important. The conjunct activity of different microbial groups in organically enriched sediment appears to cause tissue degradation in corals by creating anoxia and reducing pH.
We conclude that sedimentation kills corals through consecutive microbial processes triggered by the presence of organic matter in the sediments. Respiration activities result in anoxia and reduced pH, initiating tissue degradation. Subsequently formed H 2 S, released by microbial desulfurylation of coral tissue and mucus, diffuses to and accelerates the degradation of the neighboring tissues. Our data show that the level of organic enrichment of coastal sediments is a key in understanding the degradation of coral reefs exposed to coastal runoff and sediment resuspension.
Materials and Methods
Coral and Sediment Collection. The flat-foliose coral M. peltiformis is an abundant species on nearshore reefs of the Great Barrier Reef of Australia. For the laboratory experiments, coral fragments were collected from Hannah Island (13°52′ S, 143°43′ E) from a water depth of 4-5 m. Fragments of 5-15 cm 2 were kept in flowthrough aquaria under natural light for 2-3 mo or at least until they resumed growth (about 2 wk) before they were used for the experiments. For the field measurements M. peltiformis, Montipora sp., Pachyseris sp., Porites sp., and Turbinaria reniformis were chosen because they often were observed to be covered by naturally accumulated sediment. Sediments were collected from the upper 5 cm of sediment deposits at a water depth of 5-10 m on the fringing reef of Wilkie Island (13°46′ S, 143°3 8′ E). After collection the sediment was well homogenized and wet-sieved with plastic sieves to obtain the silt-sized fraction of <63 μm, which is found to accumulate most commonly on corals or sampled on reefs in sediment traps (48, 49) . The listed properties of the sieved sediment were determined following the methods described by Weber et al. (3): grain size distribution, settling volume, settling rate, compaction, organic matter (ash-free DW), TOC (denoted as C org ), TN, TP, Chl a, and Phaeo, and 15 elements including the aluminum:calcium ratio. The data are shown in SI Appendix, Table S2 .
Sediments with different concentrations of labile organic matter but otherwise identical properties were prepared as follows. Plankton, including attached bacteria (14) , was collected with a 100-μm net, minced with a blender, sieved to remove large fragments, and frozen. The natural untreated sediment with 12.5 ± 1 μg C org ·mg −1 DW (1.25% C org of sediment DW) was enriched with the plankton mixture, resulting in an additional organic carbon content of +0, +0.06, +0.3, or +0.6% C org (experiment 1) and +0 or +0.6% C org (experiment 2). These sediments were incubated at ambient seawater temperature (24-25°C) for 24 h in 2 L seawater on a rotor shaker. This procedure was chosen to mimic the runoff event when nutrients and sediment particles are washed into the nearshore reefs, which is explained as follows. During the runoff event microbes and phytoplankton flourish (14, 15, 33) and, together with organic substances and mineral particles, form larger aggregates, called "marine snow" (13) , which become heavy enough to sink to the bottom (12) . This marine snow has an active microbial community traveling along with the aggregates (14, 15, 30, 31) and eventually ending up on the coral (16). Concentrations of TOC, TN, TP, Chl a, and Phaeo were measured in duplicate subsamples of the sediments and of the plankton mixture. Sediment and plankton characteristics are shown in SI Appendix, Table S2 ). . After the flow was turned off, the amount of sediment necessary to obtain 66 mg DW·cm −2 sedimentation was suspended in each tank. The sediment load was chosen based on Weber et al. (3), forming a layer 2.1-to 2.6-mm thick. After the flow was turned on again 2 h later, two more coral fragments (also held for 2 h with no flow) were added to each tank as controls that remained free of sediment. Four randomly chosen coral fragments (two from each tank) and four Petri dishes with sediment were removed after 3 h and after 1, 2, 3, and 4 or 6 d for quantifying the coral stress response and for sediment analysis.
The quantum yield of the photosystem II of the corals' zooxanthellae, taken as a measure of the photophysiological stress status of the coral, was measured using a PAM chlorophyll fluorometer (50) as described by Philipp and Fabricius (4) . From each coral fragment, 10-15 PAM readings were taken after 60 min of dark adaptation. PAM measurements were taken before sediment exposure and then at each sampling time on both control corals and treated corals after removal of sediment. Samples of sediment from the corals and of control sediment were collected for microbial community and geochemical analyses as described below. The coral fragments were photographed before and after sediment removal, and the proportion of degraded tissue in the sedimentexposed area was determined photogrammetrically using ImageJ (http://rsb. info.nih.gov/ij/). After the experiments, the control corals were frozen in liquid nitrogen. For further analysis, the coral samples were thawed, the tissue was airbrushed off the skeleton with 60-100 mL filtered seawater, washed three times, freeze-dried, and ground. Total carbon (TC), TN, and total sulfur (TS) of the coral tissue were measured by combustion with a carbon, nitrogen, and sulfur analyzer (NA 1500 Series 2; Fisons Instruments) (SI Appendix, Table S2 ).
Laboratory Microsensor Measurements. At each sampling time microsensor measurements were conducted in the sediment layers of two coral fragments per treatment (one per tank). O 2 , H 2 S, pH, and light microsensors were prepared as described previously (51) (52) (53) (54) . The pH sensors were modified for field measurements as described by Weber et al. (55) . All microsensors had a tip diameter of 10-30 μm and a stirring sensitivity of <1.5%. The O 2 microsensors were calibrated using air-(20.9% O 2 ) and nitrogen-flushed (0% O 2 ) seawater at in situ temperature and salinity. The H 2 S microsensor was calibrated by adding 100-μL increments of a 500-mM sulfide (Na 2 S) stock solution to a nitrogen-flushed 200-mM phosphate buffer (pH 7.5) at in situ temperature. Subsamples from the calibration solution were fixed immediately in 2% (wt/ wt) zinc acetate, and the S tot concentration was determined spectrophotometrically with the methylene blue method (56) . The H 2 S concentration in the calibration buffer was calculated using the dissociation constant pK 1 of 6.9, determined as described by Weber (57) . The S tot in the sediment layer on the coral was calculated from the H 2 S and pH profile (58) and the pK 1 of 6.6, corrected for temperature and salinity (59) . The pH microsensors were calibrated using standard buffers with pH 7.02 and 9.21 (Mettler Toledo) at in situ temperature. The light microsensor was calibrated against a LI-250 lightmeter (LI-COR).
Vertical profiles of O 2 , H 2 S, and pH in the sediment layer covering the coral were measured after the coral was transferred into a 12.5 × 7.5 cm flow chamber. The flow conditions were similar to those in the experimental tanks. The microsensors were mounted on a motorized micromanipulator (Faulhaber Group and MM33 from Märzhäuser) and connected to amplifiers. The signals were transferred to a computer using a data acquisition card (DAQ-16XA-50; National Instruments). The microsensors first were moved carefully through the sediment layer until reaching the skeleton. Using a computercontrolled motorized system (software m-Profiler; www.microsen-wiki.net), the microprofiles then were measured upwards in 100-μm steps. On each coral three light profiles were measured at different spots at incident light intensity of 370 μmol photons·m Table S5 ).
17°96′ S, 146°09′ E) and offshore reefs that are not reached by floods (Gilbey Reef 17°34′ S, 146°34′ E; Wardle Reef, 17°27′, 146°32′ E). On each coral, three O 2 and light microsensor profiles were measured at randomly chosen spots in the naturally accumulated sediments with a diver-operated underwater microsensor system (55) . Additionally, pH profiles also were measured at High Island. Measurements were conducted at a water depth of 4-5 m during the day at natural illumination (mean: 486 ±116 μmol photons·m ; measured by light-loggers from Odyssey Dataflow Systems). Sediment samples were collected for geochemical analyses.
The field microsensors measurements were limited by weather conditions and because sediment on only one coral could be measured per dive. Therefore, we focused on the main parameter, O 2 , and when anoxia was detected, we also measured pH.
Molecular Analyses. The structure of the bacterial communities was determined in the +0%, +0.3%, and +0.6% C org -enriched sediment covering the corals and in control sediments (mesocosm experiment 1). Nineteen samples were chosen for DGGE DNA fingerprinting. From those samples, six then were analyzed, constructing 16S rRNA clone libraries. The nucleic acid extraction, PCR (750-800 bp), DGGE (300-550 bp), phylogenetic analysis, and calculation of diversity and richness indices (log e) from the obtained sequences were conducted as previously described (60, 61) . The PCR for the DGGE samples and for the excised bands was done with 10 ng DNA using the primers GM5F (with GC clamp) and 970RM. For subsequent sequencing of the bands we used the primers GM5F (with GC clamp) at 58°C, GM1F, and 907RM at 56°C annealing temperature, respectively (62) . The obtained partial sequences were transformed to consensus sequences using the Sequencher DNA sequence assembly software (http://www.genecodes.com/). Experiment 2: SRRs and Modeling of S tot Profiles. In experiment 2 we tested whether the SRR in sediments covering the corals increased upon enrichment with the plankton mixture. The measured SRRs then were used in a model to test whether the measured H 2 S concentrations could have been derived from the sulfate reduction in the sediment covering the coral or from decaying coral mucus and tissue.
Using a closed water circuit, one coral fragment (5-10 cm 2 ) was placed in each of six separate beakers (diameter 10 cm, volume 500 mL) at 35-36 permille (ppt) salinity, 26-27°C, and 450 μmol photons·m . Then the sediment was suspended in the beaker and left to settle onto the coral (66 mg DW·cm −2 ). After 6, 22, and 45 h sediment from two coral fragments and sediment remaining on the beaker bottoms were fixed separately in 20% zinc acetate solution. To measure the radiolabeled sulfide in reduced inorganic sulfur phases, samples were processed according to Kallmeyer et al. (63) using the cold chromium distillation procedure. Porewater sulfate concentration in the sediment layer was assumed to be the normal seawater concentration of 28 mM (i.e., the sediment had just settled). Porosity of the sediment was determined after 6, 22, and 45 h from the weight loss of a known volume of wet sediment after drying to constant weight at 60°C. Modeling was used to identify the source of the measured sulfide. We assumed that the sample was laterally homogeneous and that sulfide transport in the sediment was governed by diffusion. Furthermore, we assumed that the sulfide concentration at the top of the diffusive boundary layer (z = −z DBL ) (64) was zero, and that the sulfide was produced by two processes: sulfate reduction by sediment-associated bacteria, characterized by a homogeneously distributed SRR over the sediment layer of thickness z s , and a decaying coral tissue, represented by a flux of S tot at the coral-sediment interface (J d ). Based on these assumptions and boundary conditions, the solution to a steady-state 1D diffusion-reaction differential Eq. 1 is given by Eq. 2 in SI Appendix, Table S6 . This equation was used to calculate the sulfide concentrations and fluxes at the sediment-water (Eq. 3 a and b) and sediment-coral interfaces (Eq. 3 c and d). To reveal the importance of the process of coral tissue decay, the results of this calculation were compared for two scenarios: without decay (scenario A; J d = 0; dashed line in Fig. 4A ) and with decay (scenario B; nonzero J d ; solid line in Fig. 4A ). In both scenarios, the measured SRR was used as the sedimentary SRR.
Experiment 3: Exposure to Anoxia, Lowered pH, and H 2 S in Mesocosms. To differentiate among the effects of anoxia, lowered pH, and H 2 S exposure on M. peltiformis, three to five coral fragments (5-10 cm 2 ) were exposed to each of the treatments listed in Tables 2-4 at 34-35 ppt salinity and 26-27°C. We conducted three consecutive experiments to investigate (i) the effect of anoxia at normal seawater at pH = 8.2 and of anoxia combined with pH = 7.0; (ii) the effect of increased sulfide concentration (10 and 20 μM) and exposure time; and (iii) the combined affect of anoxia at pH = 7.0 followed by additional sulfide exposure. Darkness, H 2 S concentrations, and pH = 7.0 were chosen based on the microsensor data of experiment 1. Concentrations of O 2 and S tot were measured by titration (65) and spectrophotometrically (56) , respectively. The sulfide concentration in the seawater was calculated using the pK 1 of 6.5, corrected for salinity and temperature (59) . The pH was measured with a sulfide-tolerant pH sensor (IntLab 412/170; Mettler Toledo). The pH was adjusted by adding drops of concentrated HCl. Very slow stirring prevented stratification and imitated the no-flow conditions corals experience during sediment coverage. The anoxia and sulfide treatments were conducted in a glove box (volume 520 L) flushed with N 2 . O 2 and temperature sensors continuously monitored the ambient conditions. The photophysiological stress of the coral was measured with the PAM fluorometry as described above. After the experiment the corals were transferred back into a large tank to observe long-term recovery.
Statistical Methods. All statistical analyses were performed in R (R Development Core Team; http://www.r-project.org/). In experiment 1 differences between lengths of exposure and concentrations of C org were analyzed with generalized linear models, using quasi-Poisson error distribution and link function for the yield and degraded tissue data and Gaussian error distribution for the remaining data. Nonsignificant terms were dropped using backward elimination. Differences in the concentrations of Chl a, nutrients, and trace elements in the sediment layer deposited on coral colonies from inshore and offshore regions were modeled using ANOVA models. Generalized linear models were used for the following analyses: (i) changes in concentrations of O 2 , S tot , H 2 S, and pH values in the boundary layer directly above the coral colony based on microsensor measurements; (ii) changes in concentrations of TOC, TP, and TN over time depending on the concentration of C org , in the sediment above the coral colony or in the Petri dish (control sediment); (iii) in experiment 3, changes in photosynthetic yields in response to exposure to darkness, anoxia (O 2 ), H 2 S concentrations, and pH values (8.02 vs. 7.0).
